The level of accumulated advanced glycation end-products (AGEs) in the skin has been shown to predict the risk of complications in patients with diabetes mellitus (DM). Recently, the level of accumulated fluorescent AGEs in the skin has become measurable as skin autofluorescence (skin AF) using a non-invasive apparatus, autofluorescence reader. The purpose of this study was to evaluate the association between skin AF and the subclinical atherosclerosis markers, especially endothelial dysfunction, in patients with DM.
such as cardiovascular disease (CVD) and peripheral arterial disease. The more commonly used subclinical atherosclerosis markers in the clinical setting are endothelial function assessed by flow-mediated vasodilation (FMD) of the brachial artery, arterial stiffness assessed by brachial-ankle pulse wave velocity (baPWV), and vascular structure assessed by the intima-media thick-completed FMD, baPWV, and carotid ultrasonography examinations, 3) were not under dialysis treatment, 4) were not receiving nitrous acid treatment, and 5) were not current smokers.
The protocol was approved by the ethical review board at the Osaka University Hospital and the study was conducted in compliance with the Declaration of Helsinki and current legal regulations in Japan. Written informed consent for participation and publication was obtained from all the participants after a full explanation of the study was provided.
Measurement of Skin AF
Skin AF was measured using the AGE ReaderTM (DiagnOptics TechnologiesBV, Groningen, the Netherlands), a non-invasive desktop device. This device detects the characteristic fluorescence of some AGEs and was used to estimate the level of AGEs in the skin according to a previously reported protocol 5) . In short, the AGE ReaderTM uses an excitation light source with a peak excitation of 370 nm to illuminate a skin surface area of 4 cm 2 . Subsequently, the emitted fluorescence light (within the wavelength range of 420-600 nm) and the reflected excitation light (within the wavelength range of 300-420 nm) from the skin are measured with a spectrometer. Skin AF is calculated in arbitrary units (AU) as the ratio between the emitted light and the reflected light. Skin AF was measured three times in series at a site on the ventral side of the forearm and the mean of those assessments was used as the representative value. The coefficient of variation between investigators for measurement of skin AF in the present study was 4.2%, demonstrating good reproducibility. In addition, intra-patient seasonal variance and the inter-day variance for measurement of skin AF were reported to be about 5% 5) .
Measurement of FMD, IMT, and baPWV
FMD of the brachial artery was measured in a quiet, temperature-controlled room on the morning after at least 12 hours of fasting. In order to minimize intra-and inter-investigator variation, all measurements were performed by a single expert investigator using the UNEX EF 38G (UNEX Corporation, Nagoya, Japan) in a previously reported manner 11, 12) . To summarize, after measuring the vessel diameter of the brachial artery at rest, the forearm cuff was inflated to 50 mmHg above the systolic blood pressure and maintained at 50 mmHg for 5 minutes before deflation. After deflation, the change in vessel diameter was measured at the same point and the maximum value was recorded. FMD was calculated as follows: FMD (%) (maximum diameter diameter at rest) 100/ diameter at rest. UNEX EF 38G determines the dianess (IMT) of the carotid artery. These are well established indices of relatively early-stage atherosclerosis, and the significant relation between these parameters and CVD has been demonstrated in many previous studies [1] [2] [3] . Advanced glycation end products (AGEs), a complex group of compounds produced from slowly occurring non-enzymatic glycation of proteins, represent the combined influence of various vascular risk factors including chronic hyperglycemia, and play important roles in the pathogenesis of diabetic vascular disease. Interestingly, the level of skin AGEs has been shown to predict the risk of future 10-year progression of diabetic complications in patients with type 1 DM (T1DM) 4) . Recently, the level of accumulated fluorescent AGEs in the skin has become measurable non-invasively as skin autofluorescence (skin AF) using an autofluorescence reader. Skin AF intensity is correlated with accumulation of skin AGEs assessed by skin biopsy 5) and has been shown to be associated with coronary artery calcification score used for the predictor of CVD 6) , diabetic complications and above mentioned indices of early-stage atherosclerosis such as carotid IMT and PWV [7] [8] [9] . With regard to endothelial dysfunction, however, such an association has not yet been validated in patients with DM, while Wang et al. found a strong association between skin AF and FMD in uremic patients on hemodialysis 10) . Therefore, the primary purpose of this study was to evaluate the association between skin AF and endothelial function assessed by FMD in patients with DM. We also investigated the association between skin AF and IMT and baPWV and assessed the relationship between skin AF and these three subclinical atherosclerosis markers at the same time.
Methods

Subjects
The present investigation used the baseline data obtained from an ongoing prospective observational study to evaluate the association between skin AF and vascular complications. The main eligibility criteria of the original study were as follows: 1) a diagnosis of type 1 or 2 DM based on the criteria of the Japan Diabetes Society; and 2) age ≥ 20 but 80 years. We aimed to recruit 447 subjects with and without DM for the comparison between groups. This prospective observational study started in May 2014 at the Osaka University Hospital in Japan, and 372 subjects were enrolled. For the present investigation, we selected all the diabetic subjects who met the following criteria: 1) being hospitalized for the treatment of diabetes, 2) dichotomous variables. The relationships among clinical characteristics, skin AF, and three subclinical atherosclerosis markers (FMD, max-IMT, or baPWV) were evaluated using the Pearson rank correlation coefficient. Forward and backward stepwise multivariate linear regression analyses to identify determinants of subclinical atherosclerosis markers were performed. In these analyses, variables with p 0.05 in univariate analysis were entered into the model. The cutoff of max-IMT was set at 1.5 mm 17) and that of baPWV was set at 1800 cm/sec 18, 19) in accordance with previous reports. Since the specific standard value of FMD doesn't exist, we adopted 6.0% as the cutoff value in accordance with a previous report that investigated FMD as a predictor of coronary artery stenosis in Japanese subjects 1) . We evaluated the association between skin AF and the number of atherosclerotic indices that showed abnormal values using the Jonckheere-Terpstra trend test. The ability of skin AF to detect the subjects whose FMD, max-IMT, and baPWV were all within the normal range, was evaluated by receiveroperating characteristic (ROC) analysis. A p value 0.05 was considered statistically significant. These statistical analyses were performed using SPSS version 22 (SPSS Inc., Chicago, IL, USA).
Results
In the present study, a total of 140 subjects with DM were selected for analyses. Their clinical and biochemical characteristics are presented in Table 1 . Skin AF values were significantly associated with gender (male, r 0.173, p 0.041), age (r 0.398, p 0.001), duration of DM (r 0.274, p 0.001), and estimated glomerular filtration (eGFR) (r 0.254, p 0.002). The subjects with hypertension (r 0.231, p 0.006) and dyslipidemia (r 0.233, p 0.006) showed higher level of skin AF. There was no statistically significant association between skin AF values and the other parameters (data not shown).
FMD was significantly associated with age (r 0.273, p 0.001), BMI (r 0.188, p 0.026), and skin AF (r 0.259, p 0.002) (Fig. 1 , Table 2 ). The patients who were prescribed renin-angiotensin system (RAS) inhibitors (r 0.178, p 0.036) and statins (r 0.183, p 0.031) had lower levels of FMD. To evaluate whether skin AF is a determinant of FMD independent of other risk factors, we performed a stepwise multivariate regression analysis including age, BMI, and administration of RAS inhibitors and statins as explanatory variables. This analysis revealed that age, BMI, and skin AF were independent determinants of FMD ( Table 2) .
Max-IMT was significantly associated with age (r stolic diameters of the brachial artery semi-automatically using an instrument equipped with software for monitoring the brachial artery diameter, and thus, can measure FMD with high reproducibility. The coefficient of variation for measurement of FMD using this method was reported to be 10.1% 12) . Carotid IMT was evaluated using B-mode imaging ultrasonography with a 7.5-MHz probe. According to the guidelines of the Japan Society of Ultrasonics in Medicine, all scanning was performed by experienced physicians using the same method 13) . The thickest point (including plaque lesions) measured from the common carotid artery to the internal carotid artery bilaterally was defined as the max-IMT.
The measurement of baPWV was performed using the same volume-plethysmographic apparatus (BP-203RPE formPWV/ABI, Nippon Colin, Japan, with subjects in the supine position after at least 5 minutes of rest. Oscillometric cuffs were wrapped on both ankles and upper arms, and simultaneously pressurized to the approximate value of the subject's diastolic pressure so that the pulse volume waveforms could be recorded using semiconductor pressure sensors. The distance between the sampling points of baPWV was calculated based on the height of the subject. The path length from the suprasternal notch to the ankle (La) was calculated as follows: La 0.8129 height (cm) 12.328. The path length from the suprasternal notch to the brachium (Lb) was calculated as follows: Lb 0.2195 height 2.0734. baPWV was calculated according to the following formula: baPWV (La Lb)/Tba, where Tba is the time interval between the wave front of the brachial waveform and that of the ankle waveform 14) . The higher value of baPWV that was recorded on the right side or left side was selected for this analysis.
Assessment of Clinical and Biochemical Characteristics
Clinical characteristics data such as duration of DM, current medication use, smoking history and biochemical data were collected. Fasting blood samples were collected and hemoglobin A1c (HbA1c), serum total, low-density lipoprotein (LDL) and highdensity lipoprotein (HDL) cholesterol, triglycerides, and creatinine (Cr) levels were measured using standard laboratory protocols. The presence of hypertension and dyslipidemia was diagnosed by the primary doctors based on the criteria of the Japanese Society of Hypertension 15) and the Japan Atherosclerosis Society 16) .
Statistical Analysis
Data are presented as the mean standard deviation for continuous variables, and percentage for tension (r 0.216, p 0.001), and skin AF (r 0.284, p 0.001). Although skin AF was significantly associated with both max-IMT and baPWV in univariate analysis (Fig. 1) , it was not an independent determinant of either carotid max-IMT or baPWV after adjustment for conventional cardiovascular risk factors ( Table 2) .
Next, we identified the number of subclinical atherosclerosis tests (FMD, IMT, and baPWV) that Values are shown as mean standard deviation or number (percentage). Abbreviations: BMI, body mass index; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; LDL-cholesterol, low density lipoprotein cholesterol; HDL-cholesterol, high density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; FMD, flow mediated dilation; max-IMT, maximum carotid intima-media thickness; baPWV, brachial-ankle pulse wave velocity; skin AF, skin autofluorescence; OHA, oral hypoglycemia agents; RAS inhibitor, renin-angiotensin system inhibitor. The patients under dialysis were excluded from this study. Macroangiopathy included ischemic heart disease, cerebral vascular disease, and peripheral artery disease.
brachial FMD, an indicator of endothelial dysfunction, in Japanese patients with DM. This finding is compatible with the idea that AGEs and their receptor system (RAGE) play an important role in the impairment of vascular function. Oxidative stress provoked by the generation of AGEs as well as AGE-RAGE interactions inhibit the endothelial nitric oxide synthase, thereby impairing endothelial function 20) . The binding of AGEs to RAGE is also known to cause phenotypic changes in various cells such as endothelial cells and smooth muscle cells. In addition, AGEs, by cross-linking proteins and thereby changing their three-dimensional structures, impair vasodilation. Thus, AGEs are not only markers of "metabolic memory" in various metabolic disorders, but also have important pathogenic roles. This explains why skin AF can serve as a marker of endothelial dysfunction independent of other established risk factors.
showed an abnormal range and evaluated their association with skin AF values. Interestingly, as the number of abnormal subclinical atherosclerosis parameters increased , skin AF showed higher values (p for trend 0.001) (Fig. 2a) . The ROC analysis for the absence of any subclinical atherosclerosis, that means all the subclinical atherosclerosis parameters were within the normal range, revealed that the area under the curve (AUC) for skin AF was 0.73 (95% confidence interval, 0.61-0.84, p 0.001), and that the threshold of skin AF ≤ 1.9 AU was associated with a sensitivity of 36% and a specificity of 95%, respectively (Fig. 2b) .
Discussion
The present study revealed that skin AF, a noninvasive and simple marker of the accumulation of AGEs in the skin, is an independent determinant of (sensitivity of 36%, specificity of 95%). Since measurement of the skin AF value using the AGE ReaderTM is a very simple and non-invasive approach, it would be clinically worthwhile, from a time and convenience perspective, to use the skin AF value as a screening tool for atherosclerosis. There are several limitations in this study. First, this is a cross-sectional survey with a relatively small number of subjects and the associations shown in this study were statistically significant but not very strong. Secondly, since the recruited subjects were patients who had been hospitalized for glycemic control or DM education, almost all the subjects were under poor glycemic control; the average of HbA1c was 8.9%. Therefore, it would be premature to generalize our findings to all individuals with DM. Thirdly, this study included premenopausal women. Since FMD is affected by the female menstrual cycle 22) , we cannot deny that the female menstrual cycle may have affected the results. Fourthly, this study included both T2DM and T1DM patients. When we divided the The present study also confirmed that skin AF was associated with arterial thickening assessed by max-IMT and arterial stiffness assessed by baPWV, which was consistent with previous studies [7] [8] [9] 21) . Considering the crucial roles of AGEs in the pathogenesis of atherosclerosis, it is reasonable that the index of AGEs accumulation in skin is associated with arterial thickening and/or stiffness.
Atherosclerosis is a multifactorial and systemic disease with a broad spectrum of morphologic and functional features and clinical presentations. Therefore, to assess the presence and extent of atherosclerosis in individuals, it would be desirable to perform multiple vascular tests. Indeed, to detect atherosclerotic changes in individuals as early as possible, combinations of multiple non-invasive vascular tests, including FMD, carotid IMT, and PWV, are often utilized. Interestingly, the present study showed that the value of skin AF ≤ 1.9 had strong screening power to identify individuals without subclinical atherosclerosis assessed by FMD, carotid IMT, and baPWV The threshold of statistical significance was defined as p 0.05.
Stepwise multivariate regression analysis was performed to determine the predictor of FMD, max-IMT, or PWV. The significant variables in the Pearson correlation analysis were selected for multivariate analysis. Abbreviations: Skin AF, skin autofluorescence; BMI, body mass index; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; LDL-cholesterol, low density lipoprotein cholesterol; HDL-cholesterol, high density lipoprotein cholesterol; TG, triglyceride; SBP, systolic blood pressure; DBP, diastolic blood pressure; RAS inhibitor, renin-angiotensin system inhibitor; max-IMT, maximum carotid intima-media thickness; baPWV, brachial-ankle pulse wave velocity.
cant impact of type of DM medication on the association between skin AF and FMD (data not shown), we cannot rule out the influence of DM medications because of the cross-sectional nature of the present study. Future studies with longitudinal designs will be needed to address this point. Notwithstanding these limitations, our study indicates an association between skin AF and endothelial function assessed by FMD as well as the other early-stage atherosclerotic indices like carotid-max IMT and baPWV. We also show that skin AF might serve as a screening marker of atherosclerosis in Japanese patients with DM.
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Stepwise multivariate regression analysis was performed to determine the predictor of FMD or max IMT or PWV. The significant variables in Pearson correlation analysis were selected for multivariate analysis. Abbreviations: skin AF, skin autofluorescence; BMI, body mass index; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; LDL-cholesterol, low density lipoprotein cholesterol; HDL-cholesterol, high density lipoprotein cholesterol; TG, tryglyceride; SBP, systolic blood pressure; DBP, diastolic blood pressure; RAS inhibitor, renin-angiotensin system inhibitor; max IMT, max intima-media thickness of the carotid artery; baPWV, brachial-ankle pulse wave velocity. Association between skin AF and the number of atherosclerotic indices that showed abnormal values using Jonckheere-Terpstra trend test. Regardless of DM type, as the number of subclinical atherosclerosis parameters that showed abnormal range was gaining, skin AF showed higher values (p for trend 0.001). The cutoffs of FMD, max-IMT, and baPWV were set 6.0%, 1.5 mm, and 1800 cm/sec, respectively. The detection ability of skin AF for the absence of any atherosclerosis, which means that FMD, max-IMT, and baPWV were within the normal range, was evaluated by receiver-operating characteristic analysis among only T2DM patients. Skin AF ≤ 1.9 AU predicted the absence of subclinical atherosclerosis change at a sensitivity of 29% and a specificity of 94% with an AUC of 0.69 (95% CI 0.55-0.83, p 0.013). The cutoffs of FMD, max-IMT, and baPWV were set 6.0%, 1.5 mm, and 1800 cm/sec, respectively.
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